Background-Targeting gene therapy vectors that can home in on desired cell and tissue types in vivo comprise the ultimate gene delivery system. We have previously developed targeting lentiviral vectors by pseudotyping vectors with modified Sindbis virus envelope proteins. The envelope protein contains the Fc-binding region of protein A (ZZ domain), so the virus can be conjugated with antibodies. The conjugated antibody mediates specific transduction of the cells and tissues expressing the target antigens, both in vitro and in vivo. However, more stable conjugation of targeting molecules would be optimal for use in immunocompetent animals, as well as in humans.
successfully used for therapy of congenital hematopoietic diseases, including X-linked severe combined immunodeficiency (SCID) and adenosine deaminase deficiencies (ADA)-SCID [2, 3] . Delivery of therapeutic genes for these diseases is performed using the ex vivo transduction method, whereby hematopoietic cells are isolated from patients, transduced in vitro, then re-infused. The ex vivo transduction method is ideal for introducing therapeutic genes into hematopoietic cells. However, this method is not suitable for cells of solid organs because it is difficult to isolate and replace these types of cells without causing them to lose their physiological functions. Development of efficient gene delivery methods for solid organs is necessary for broadening the applications of gene therapy.
One promising method for gene delivery to solid organs is injecting gene therapy vectors into the body. However, this results in transduction only in areas proximal to the injection sites [4] . This might suffice for disease models in small animals, but not in large animals, including man. Administration of vectors into the bloodstream is another means to deliver therapeutic genes to solid organs. Greater volumes of vectors can be injected into the bloodstream than the target organs, but transduction in various organs occurs nonspecifically [5] . Nonspecific transduction of multiple organs and tissues would reduce the therapeutic effects of transgenes on target cells and tissues if the therapeutic molecules need to be expressed at the sites of action [6] [7] [8] [9] . In addition, integration and expression of transgenes in normal tissues and organs would increase the adverse effects of gene therapy [10] . Therefore, specific transduction and expression of therapeutic genes is necessary for gene therapy to be effective. One way to achieve specific gene delivery to target organs is by intravenous injection of vectors that can home in on and transduce specific cells and tissues. Such vectors are referred to as `targeting vectors', and many attempts have been made to develop targeting retroviral vectors [11] . A common strategy for redirecting gene therapy vectors to desired cells and tissues involves changing the binding specificity of the vectors for molecules abundantly expressed on target cells and tissues rather than their natural receptors.
To date, two strategies for changing the binding specificity of retroviral vectors have been reported. One strategy is to conjugate the vectors with adaptor molecules that specifically bind to target molecules [12, 13] ; the other is to pseudotype the vectors with chimeric proteins generated between the envelope proteins and targeting molecules, such as single-chain antibodies and growth factors [14] [15] [16] [17] [18] [19] [20] [21] .
We have developed targeting lentiviral vectors using the first strategy [22] . The vectors are pseudotyped with modified Sindbis virus envelope proteins. The envelope proteins contain the Fc-binding region of protein A (ZZ domain) in the original receptor-binding region of the Sindbis virus envelope protein. Vectors pseudotyped with the envelope proteins can be conjugated with monoclonal antibodies through the interaction between the Fc region of antibodies and the ZZ domain. The antigen-binding regions of conjugated antibodies mediate binding of the vectors. Therefore, the binding specificity of the vectors is determined by the specificity of conjugated antibodies. Using antibodies against various antigens, we have demonstrated targeted transduction with both oncoretroviral and lentiviral vectors, both in vitro and in vivo [22] [23] [24] [25] [26] .
Although effective in in vivo experiments with immunodeficient mice, which do not have serum immunoglobulin, conjugation of the viruses with antibodies would not be stable in immunocompetent animals because serum immunoglobulin will compete with conjugated antibodies for binding to the ZZ domain of the envelope protein. Covalent conjugation of targeting molecules would overcome this problem. However, creating fusion proteins can change the entire structure of the proteins, which could result in decreased expression levels of the proteins and/or loss of their functions. Additionally, if the targeting molecules are inserted into the regions of envelope proteins, which are difficult to access, the chimeric proteins would not be able to bind the targeted molecules on cells.
In the present study, we investigated the feasibility of covalent incorporation of targeting peptides into our targeting envelope proteins instead of the ZZ domain. We inserted two types of peptides containing arginineglycine-aspartic acid (RGD), which bind to integrins [27, 28] . One does not contain disulfide bonds, and the other contains two disulfide bonds, which will aid in investigating the effects of the secondary structures of inserted molecules on the entire structure of chimeric proteins. We also inserted the targeting peptides into two different sites of the envelope proteins to determine whether multiple regions of the envelope protein can serve as receptor-binding regions of chimeric proteins.
Materials and methods

Plasmid construction
2.2 1L1 L was constructed from 2.2 by replacing the ZZ domain in the E2 protein with two sets of flexible linker peptides (GGGGS). GRGDS3 was constructed by inserting three sets of the GRGDS peptide between the two flexible linkers. 4CRGD was constructed by inserting the RGD-4C peptide (CDCRGDCFC) between the two flexible linkers. To construct BRGDH, the BbVC-1 and HindIII sites were introduced into the junction of E3 and E2 of 2.2 1L1 L by site-directed mutagenesis, followed by insertion of the RGD-4C peptide between the BbVC-1 and HindIII sites. 4CRGD II was constructed from 4CRGD and BRGD by combining the RGD-4C peptide insertion of each construct into one construct. GRGDS 4C was constructed from GRGDS3 and BRGDH by combining the three sets of the GRGDS peptide of GRGDS3 and the 4CRGD peptide of BRGDH into one construct.
Cells and viruses
293T cells were cultured in IMDM (Sigma-Aldrich, St Louis, MO, USA) containing 10% fetal calf serum (FCS) and antibiotics. Human T-cell leukemia cells (Jurkat) were cultured in RPMI (Invitrogen, Carlsbad, CA, USA) containing 10% FCS. Human breast cancer cells (MDAMB435) were cultured in Dulbecco's modofied Eagle's medium (Invitrogen) containing 10% FCS. Human umbilical vein endothelial cells (HUVEC) were purchased from AllCells (Emeryville, CA, USA) and Lonza (Walkersville, MD, USA). HUVEC were cultured in EBM-2 (Lonza) supplemented with EGM-2 singlequots (Lonza). When HUVEC started growing slowly, new lots of HUVEC were purchased and used for the experiments. Lentiviral vectors were produced in 293T cells, using the calcium phosphate transfection method, as described previously [22] . Briefly, 293T cells (1.8 × 10 7 ) were transfected with one of the envelope protein expression vectors (10 μg), packaging plasmid 8.2 delta VPR (12.5 μg) and lentiviral vector cppt2e (12.5 μg). After transfection, the cells were cultured in Opti-MEM containing 2% FCS. The supernatant was subjected to ultracentrifugation, and the pellet containing the virus was resuspended in Hepes-buffered saline. The viruses were concentrated 100-fold. The concentrations of virus were quantified by measuring amounts of viral capsid protein p24. The virus was frozen at −70 °C until use.
Flow cytometry for assessing expression levels of integrins
HUVEC, MDAMB435 and Jurkat cells were stained with anti-integrin αVβ3 antibody (Chemicon, Temucula, CA, USA), anti-integrin αVβ5 antibody (Chemicon) or isotype control (eBioscience, San Diego, CA, USA), followed by staining with Alexa 488-conjugated rabbit anti-mouse IgG (Invitrogen). Expression of the integrins was monitored by flow cytometry.
Transduction of cells
2.2 pseudotype vectors were conjugated with 2 μg/ml of either anti-integrin αVβ3 or antiintegrin αVβ5 antibody before transduction. HUVEC (2 × 10 4 ), MDAMB435 (5 × 10 4 ) and Jurkat cells (5 × 10 4 ) were incubated with lentiviral vectors pesudotyped with various types of envelope proteins at a high multiplicity of infection (MOI) (40 ng of HIV p24) and a low MOI (4 ng of HIV p24) for 2 h. Enhanced green fluorescent protein (EGFP) expression was assayed by flow cytometry 3 days post-transduction.
Blocking of transduction by soluble RGD peptide and anti-integrin antibodies
HUVEC (2 × 10 4 ), MDAMB435 (5 × 10 4 ) and Jurkat cells (5 × 10 4 ) were incubated with soluble RGD peptides (1000 or 100 μg/ml; Sigma-Aldrich), control RGE peptides (1000 or 100 μg/ml; Sigma-Aldrich), a mixture of anti-integrin antibodies (20 μg/ml of both anti-integrin αVβ3 and αVβ5 antibody) (Chemicon), or isotype control antibody (40 μg/ml) for 30 min before transduction. The cells were then infected with either the 2.2 pseudotype conjugated with anti-HLA class I antibody (Sigma-Aldrich), VSV-G pseudotype, GRGDS 4C pseudotype, or 4CRGD pseudotype for 2 h in the presence of the peptides or antibodies.
The amounts of virus used for transduction were 60 ng of HIV p24 of the VSV-G pseudotype. EGFP expression was assayed 3 days post-transduction by flow cytometry. The relative transduction efficiency was calculated as:
Titration of GRGDS 4C pseudotypes
HUVEC (2 × 10 4 ) were transduced with unconcentrated and concentrated viruses (1 ng of HIV p24) to investigate the effect of ultracentrifugation on the titers of the virus. EGFP expression was analysed by flow cytometry 3 days post-transduction. HUVEC (2 × 10 4 ) were transduced with concentrated GRGDS 4C pseduotype (1 ng of HIV p24) and VSV-G pseudotype (250 pg of HIV p24) in the presence (8 μg/ml) or absence of polybrene (Sigma-Aldrich) to investigate the effect of polybrene on the titers of the viruses. EGFP expression was analysed by flow cytometry 3 days post-transduction. HUVEC (2 × 10 4 ) were transduced with GRGDS 4C or VSV-G pseudotypes at various dilutions in the absence of polybrene. EGFP expression was analysed by flow cytometry 3 days post-transduction.
Results
Insertion of integrin-targeting peptides into the modified Sindbis virus envelope proteins
We inserted integrin-targeting peptides into our targeting envelope protein, 2.2, which contains an insertion of the ZZ domain in its original receptor-binding region of the E2 protein, E2 amino acid 71. Insertion of the ZZ domain enables conjugation of targeting antibodies with the envelope protein through the interaction with the Fc region of antibodies, and also eliminates its original tropism (Figure 1) . We replaced the ZZ domain with two flexible linkers consisting of four glycines and one serine, and designated this envelope protein as 2.2 1L1 L (Figure 1 ). Based upon 2.2 1L1 L, we created integrin-targeting envelope proteins. We inserted two types of integrin-binding peptides between the linkers of 2.2 1L1 L. We inserted three tandem repeats of integrin-binding peptides, arginine-glycine-aspartic acid (RGD), between the linkers, and designated this envelope protein as GRGDS3 (Figure 1 ). We also inserted another integrin-binding peptide, cysteine-aspartic acid-cysteine-arginine-glycine-aspartic acid-cysteine-phenylalanine-cysteine, which is referred to as the RGD-4C peptide [28, [29] [30] [31] [32] [33] . The RGD-4C peptide contains four cysteines that form two disulfide bonds, which expose the RGD peptide and increase the affinity for integrins αVβ3 and αVβ5. We designated the envelope inserted into this peptide as 4CRGD.
Insertion of integrin-targeting peptides increased the transduction efficiencies of the vectors pseudotyped with the targeting envelope proteins
We investigated whether insertion of integrin-targeting peptides increases the titers of pseudotyped lentiviral vectors. We chose three types of target cells, HUVEC, Jurkat and MDAMB435, which have different levels of integrins ( Table 1) . As we have previously reported [25] , HUVEC express high levels of integrins αVβ3 and αVβ5, and Jurkat cells express very low levels of integrin αVβ3. We cannot detect expression of integrin αVβ5 on Jurkat cells. MDAMB435 cells express integrin αVβ3 as abundantly as HUVEC, and integrin αVβ5 more abundantly than HUVEC. When MDAMB435 cells were transduced with the 2.2 or 2.2 1L1 L pseudotypes, the cells were transduced at minimal levels because those envelope proteins do not bind target cells efficiently (Figure 2a ).
When the 2.2 pseudotype was conjugated with antibodies against either integrin αVβ3 or αVβ5, transduction was increased five-to 20-fold, demonstrating that integrins can serve as receptors of our targeting lentiviral vectors. When we infected the cells with the GRGDS3 or 4CRGD pseudotypes, the cells were transduced three-to 50-fold more efficiently than 2.2 1L1 L, suggesting that the inserted peptides increase the infectivity of its pseudotype. The 4CRGD pseudotype transduced ten-fold more efficiently than the GRGDS3 pseudotype, which indicates that insertion of a ligand with higher affinity for target molecules increases the affinity of the envelope protein and results in higher transduction efficiency. The transduction efficiency of the 4CRGD pseudotype is higher than that of the 2.2 pseudotype conjugated with anti-integrins αVβ3 or αVβ5, or the combined transduction efficiency of both, indicating that covalent conjugation of targeting molecules to envelopes more efficiently targets receptors than noncovalent conjugation of targeting antibodies through the interaction between the Fc regions of antibodies and the ZZ domain. We observed similar results when we transduced primary endothelial cells, HUVEC (Figure 2b ). We next transduced Jurkat cells, which do not express high levels of integrin αVβ3 or αVβ5; because of this low expression, 2.2 pseudotypes conjugated with integrin αVβ3 or αVβ5 could not transduce Jurkat cells efficiently (Figure 2c) . However, insertion of integrin-targeting peptides into 2.2 1L1 L increased the titers of pseudotyped vectors, which also indicates that covalent incorporation of targeting molecules is a better targeting strategy than noncovalent conjugation of targeting molecules. Of note, lentiviral vectors pseudotyped with the wild-type Sindbis virus envelope protein cannot transduce Jurkat cells (data not shown). Therefore, insertion of the targeting molecules into the envelope expanded the host range of the Sindbis virus envelope protein.
We next confirmed that the inserted RGD peptide served as a receptor-binding region of the 4CRGD envelope. We blocked transduction of the 4CRGD pseudotype with the soluble RGD peptide. As a control for the virus that does not use integrins as its receptors, we used the 2.2 pseudotype conjugated with anti-HLA class I antibody. Transduction of all types of target cells with the 4CRGD pseudotype was inhibited by the soluble RGD peptide in all target cells, whereas transduction with 2.2 pseudotype conjugated with anti-HLA class I antibody was not inhibited (Table 2 ). This result confirmed that the inserted RGD peptide serves as the receptorbinding region of the 4CRGD pseudotypes.
Insertion of the RGD-4C peptide into another site of Sindbis virus envelope proteins
During the mutagenesis carried out to eliminate the original tropism of the Sindbis virus envelope protein, we found that the junction region between E3 and E2 can serve as a receptorbinding region [24] . Another study successfully inserted a large peptide derived from protein L into the same region of the Sindbis virus vector, demonstrating that this region is able to accommodate targeting molecules [34] . In addition, the same region of replication-competent Sindbis virus binds to heparan sulfate and mediates binding of virus to target cells [35] . We attempted to insert the RGD-4C peptide into this site of 2.2 1L1 L at the junction between E3 and E2, without flexible linkers, and the envelope protein was designated as BRGDH ( Figure  1 ). We transduced MDAMB435 (Figure 3a) , HUVEC ( Figure 3b ) and Jurkat cells (Figure 3c ) with BRGDH. Insertion of the RGD-4C peptide increased transduction efficiency, suggesting that the inserted peptide serves as the receptor-binding region of the BRGDH pseudotype.
Combination of integrin-targeting peptides in two different sites of the envelope protein
To further increase the titers of vectors pseudotyped with integrin-targeting envelope proteins, we next attempted to combine the integrin-targeting peptides inserted into both the E3-E2 junction region and at E2 amino acid 71 (Figure 1) . We combined BRGDH with 4CRGD, designated 4CRGD II. We also combined BRGDH with GRGDS3, designated GRGDS 4C. The vectors pseudotyped with these envelope proteins were used for transduction of the abovementioned cell types, and their titers were compared with the titers of the 4CRGD and BRGDH pseudotypes. Transduction was performed using two different MOI to rigorously compare the titers of the viruses (Figures 3a, 3b and 3c) . The titers of the 4CRGD II pseudotype were lower than those of the BRGDH pseudotype at both MOIs and in all cells tested, and were lower than those of the 4CRGD pseudotype for transduction of MDAMB435 and Jurkat cells. By contrast, GRGDS 4C demonstrated the highest titers of all the pseudotypes in all cells and MOIs tested. Therefore, we successfully increased the titers of the targeting vector by combining two types of targeting peptides inserted into different sites of the envelope protein.
The GRGDS 4C pseudotype transduces cells through the interaction of inserted RGD peptides and integrins expressed on target cells
We attempted to confirm that the GRGDS 4C pseudotype binds and transduces cells through the interaction between the inserted RGD peptides and integrins expressed on target cells. Transduction of HUVEC and Jurkat cells with GRGDS 4C was blocked by the soluble RGD peptide, whereas the control peptide did not have significant inhibitory effects ( Table 3 ). The RGD peptide did not block transduction by the 2.2 pseudotype conjugated with anti-HLA class I antibody or the VSV-G pseudotype, confirming that the RGD peptides in GRGDS 4C functioned as receptor-binding regions of the envelope protein. We also attempted to block transduction by the GRGDS 4C pseudotype, using antibodies against integrins. Incubation of target cells with anti-integrins αVβ3 and αVβ5 antibody before transduction with GRGDS 4C inhibited transduction, whereas transduction with the VSV-G pseudotype was not affected by those antibodies. These results confirm that the GRGDS 4C pseudotypes bind target cells through the interaction of the inserted RGD peptides and integrins.
The titers of the GRGDS 4C pseudotype lentiviral vectors
We attempted to investigate the titers of GRGDS 4C pseudotypes on HUVEC. We first compared the titers of the virus before and after concentration by ultracentrifugation. Lentiviral and oncoretroviral vectors pseudotyped with certain types of envelope proteins are reported to have reduced titers after ultracentrifugation as a result of their instability. Although the targeting vectors that we previously created can be concentrated without reduced titers, insertion of different molecules into different sites of the Sindbis virus envelope protein can result in frailty of the chimeric proteins. The same amount of unconcentrated and concentrated virus, adjusted by p24, was used to infect HUVEC. We found that the concentrated virus had slightly higher titers than the unconcentrated, demonstrating that the virus can be concentrated by simple ultracentrifugation without reduced titers (Figure 4a ).
Because polybrene has been known to increase the in vitro titers of lentiviral vectors pseudotyped with several different envelope proteins, we also attempted to test the effect of polybrene on the infectivity of the GRGDS 4C pseudotype. Polyberene did not have any significant effect on the titers of the targeting vectors that we previously developed (data not shown) and did not significantly affect the transduction of HUVEC by either the GRGDS 4C or VSV-G pseudotypes (Figure 4b ).
We then quantified the titers of concentrated GRGDS 4C pseudoetypes and compared them with that of the VSV-G pseudotyped vector. We used 100-fold concentrated GRGDS 4C and VSV-G pseudotypes. We used the same fold of dilutions instead of adjusting the amounts of both virus by the amount of p24 to calculate absolute titers (EGFP transduction units/ml of virus stock) in the concentrated virus stock. HUVEC were transduced with both viruses at various dilutions (Figure 4c ). The titers of the viruses were calculated at the dilutions at which the percentage EGFP-positive population and the fold of dilution had linear relationships. The titers of concentrated GRGRS 4C and VSV-G pseudotypes on HUVEC were 1.3 × 10 8 and 7.5 × 10 8 EGFP transduction units/ml, respectively.
Discussion
In the present study, we have shown that integrin-targeting peptides can be inserted into our targeting envelope proteins, and that the inserted peptides redirect pseudotyped vectors. The inserted peptides served as receptor-binding regions of the chimeric envelope proteins, which demonstrated that the peptides were exposed on the virion and accessible to the receptors expressed on target cells. The vectors pseudotyped with GRGDS 4C transduced target cells more efficiently than the 2.2-pseudotyped vectors conjugated with anti-integrin antibodies, demonstrating that insertion of the peptides did not hinder the folding of the entire envelope proteins or abrogate their fusion activity. When the RGD-4C peptide with two disulfide bonds surrounding the RGD peptide, which has much higher affinity for integrins than the linear RGD peptides, was inserted into the envelope protein, the pseudotyped vectors transduced five-to tenfold more efficiently than the vectors pseudotyped with the envelope protein with linear RGD peptide insertion (GRGDS3). Thus, the titers of the pseudotyped vectors appear to be dependent on the affinities of the inserted ligands.
The targeting peptides could not only be inserted into E2 amino acid 71, where the ZZ domain was originally inserted, but also into the junction region between the E3 and E2 proteins. Originally, this region was known as a furin-cleavage site. It was reported that this site can bind to heparin sulfate when not cleaved by furin [35] . This binding can mediate attachment of Sindbis virus to the target cells, resulting in enhanced transduction by the virus. We also found that this site can mediate binding of the lentiviral vectors pseudotyped with our targeting envelope protein; thus, mutating this region prevents nonspecific binding of the vectors [24] . We can now exploit the region that originally mediated nonspecific transduction to serve as a new receptor-binding region of the envelope protein.
The vector pseudotyped with the envelope, which contains RGD-4C in the E3-E2 junction and liner RGD in the E2 amino acid 71 region (GRGDS 4C), demonstrated higher titers than those pseudotyped with the envelope proteins containing one RGD-4C peptide, either in the E3-E2 junction (BRGDH) or E2 amino acid 70 (4CRGD). This indicates that multiple insertions of the targeting ligand into the envelope proteins increases the avidity of the pseudotyped vectors for the target cells and increases the titers of the virus. Therefore, finding the optimal site for insertion of targeting ligands could increase the titers of targeting vectors. However, insertion of two RGD-4C peptides in both sites (4CRGD II) reduced the titers of the pseudotyped vector. We also inserted two tandem repeats of RGD-4C peptides in the E2 amino acid 71 region, which had less infectivity than the envelope containing a single peptide (4CRGD) when pseudotyping the vectors (data not shown). This is possibly a result of inaccurate disulfide bond formation, or the two disulfide bonds at each location may interfere with the folding and/ or affect the structure of the entire envelope protein. Multiple cyclic RGD were chemically synthesized by several groups. Multimers usually have higher affinity to integrins than monomers [36] [37] [38] [39] . Therefore, if the structures of the inserted RGD-4C peptide and envelope protein are maintained, the 4CRGD II pseudotype should have higher titers than the 4CRGD SINDBIS pseudotype.
Many types of viruses have been shown to utilize integrins as their receptors [40] . Herpes viruses contain integrin-binding peptides in their envelope proteins. Binding of their envelope proteins to integrins induces a signal that facilitates entry of the viruses. Hantaviruses, another type of envelope virus, also bind to integrins, which mediates the attachment of virus and signaling. Non-envelope viruses, including adenoviruses, picornaviruses and reoviruses, bind to integrins with the integrin-binding sites in their capsid proteins. Binding to integrins mediates not only attachment of the viruses, but also signaling through integrins, including polymerization of the actin cytoskeleton and activation of kinases and GTPase, which facilitate entry of the viruses into cells. Herpes viruses, adenoviruses, and reoviruses contain linear integrin-binding peptides in their envelope proteins or capsid proteins. None have evolved to have a structure similar to that of the RGD-4C peptide, although RGD-4C has a much higher affinity for integrins than linear RGD peptides. The RGD-4C peptide was created by screening with the phage display system [28] . By contrast, when viruses evolve naturally to acquire new receptor-binding motifs in their structural proteins, the motifs should be selected based not only on their high affinity, but also for a lesser effect on the entire structure and infectivity of the viruses.
Insertion of molecules, such as single-chain antibodies covalently inserted into envelope proteins, would broaden the applications of this targeting strategy [41, 42] . Maintaining the structure of the envelope protein and inserted targeting molecules will be more challenging when inserting larger molecules. Choosing appropriate insertion sites and the use of amino acid linkers to maintain proper structures of both the inserted ligands and envelope protein will be important.
The ability to create novel envelope proteins bearing covalently inserted ligands is a critical step for the eventual use of such vectors in clinical applications. Jurkat (acute T cell leukemia) ± − Expression levels of integrins in HUVEC, MDAMB435 and Jurkat cells were analysed by flow cytometry. The histograms of flow cytometry of HUVEC and Jurkat cells were previously reported [25] .
